Western equine encephalitis virus (WEEV) is an arbovirus from the genus Alphavirus, family Togaviridae, which circulates in North America between birds and mosquitoes, occasionally causing disease in humans and equids. In recent decades, human infection has decreased dramatically; the last documented human case in North America occurred in 1994, and the virus has not been detected in mosquito pools since 2008. Because limited information exists regarding the evolution of WEEV, we analyzed the genomic sequences of 33 low-passage-number strains with diverse geographic and temporal distributions and performed comprehensive phylogenetic analyses. Our results indicated that WEEV is a highly conserved alphavirus with only approximately 5% divergence in its most variable genes. We confirmed the presence of the previously determined group A and B lineages and further resolved group B into three sublineages. We also observed an increase in relative genetic diversity during the mid20th century, which correlates with the emergence and cocirculation of several group B sublineages. The estimated WEEV population size dropped in the 1990s, with only the group B3 lineage being sampled in the past 20 years. Structural mapping showed that the majority of substitutions in the envelope glycoproteins occurred at the E2-E2 interface. We hypothesize that an event occurred in the mid-20th century that resulted in the increased genetic diversity of WEEV in North America, followed by genetic constriction due to either competitive displacement by the B3 sublineage or stochastic events resulting from a population decline.
W estern equine encephalitis virus (WEEV) is a mosquitoborne arbovirus and the causative agent of western equine encephalitis (WEE). Infections of humans and horses can be fatal, and survivors often suffer permanent neurological sequelae (1, 2) . WEEV belongs to the genus Alphavirus in the family Togaviridae and has a positive-sense, single-stranded RNA genome approximately 11.5 kb in length, including two open reading frames (ORFs) flanked by 5=-and 3=-untranslated regions (UTRs) (3, 4) . One unusual feature of WEEV is that it is the descendant of an ancient recombination event between Sindbis virus (SINV)-like and eastern equine encephalitis virus (EEEV)-like ancestors (5, 6) .
WEEV is found in North and South America. In North America, it circulates enzootically among passerine birds and is transmitted by its primary mosquito vector, Culex (Culex) tarsalis. Mammals can participate in a secondary cycle (7) (8) (9) . Both humans and horses are thought to be dead-end hosts (10) , although some equids, such as burros and ponies, develop low to moderate levels of viremia (slightly under 10 4 PFU/ml) (11, 12) , which could allow these hosts to contribute to epizootic amplification.
In the 1930s through 1950s, WEEV produced widespread outbreaks encompassing western North America, extending north into Saskatchewan, Canada (10) . Western states were affected by several outbreaks during the 1930s and, by 1937, the epidemic/ epizootic reached the eastern side of the Canadian Rockies (13, 14) . Sporadic outbreaks continued to occur throughout the early 20th century in the western and midwestern United States. However, the incidence of WEE has drastically decreased over the past 4 decades. The 1970s saw 209 human cases; 87 were reported during the 1980s, only 4 cases during the 1990s, and no cases have been reported in the United States or Canada since 1998 (15) .
Several studies investigated possible reasons for the decrease in human WEE incidence to explain these epidemiological data (16) (17) (18) (19) (20) (21) . While some suggested a reduction in mammalian virulence, interpretations were confounded by the viral strains used (different viral lineages, various passage histories, etc.).
Only two detailed phylogenetic studies of WEEV have been conducted (6, 22) . By sequencing partial E1 envelope glycoprotein and nsP4 genes, Weaver et al. (6) identified two monophyletic lineages and proposed that one had become extinct. Kramer and Fallah (22) sequenced the E2 envelope glycoprotein gene of a large collection of WEEV isolates from California and observed the maintenance over time of local enzootic lineages. However, both studies were limited by the short sequence fragments employed and the phylogenetic methods available at that time.
To accurately assess the evolutionary history of WEEV and identify population changes and mutations that might be related to the historic decline in WEEV incidence, we conducted robust phylogenetic analyses using complete WEEV genomic sequences representing a diverse temporal and geographic distribution, with a focus on low-passage-number virus strains. We also generated a three-dimensional (3D) homology model of the E1 and E2 proteins and mapped the locations of several substitutions that define major WEEV lineages and evolutionary events.
MATERIALS AND METHODS
Virus strain selection, propagation, and isolation of RNA. Thirty-three WEEV strains were chosen based on varied locations and years of collection, with a focus on low-passage-number histories (Table 1) . Viruses were propagated on C6/36 cells (17) and precipitated with polyethylene glycol (23) , and RNA was extracted using TRIzol LS (Invitrogen, Carlsbad, CA) per the manufacturer's instructions.
RT-PCR, PCR amplification, and sequencing. cDNA was prepared using SuperScript III (Invitrogen) per the manufacturer's instructions. Overlapping PCR amplicons covering the WEEV genome were generated using WEEV-specific primers (sequences are available on request) and Phusion high-fidelity DNA polymerase (New England BioLabs, Ipswich, MA). PCR amplicons were purified from agarose gels using a gel extraction kit (Qiagen, Netherlands), and direct sequencing of amplicons was performed using WEEV-specific internal primers and a BigDye terminator v1.3 cycle sequencing kit (ABI, Foster City, CA) and a 3500 Genetic Analyzer (ABI). Sequences were assembled using Sequencher v5.0.1 (Gene Codes Corporation, Ann Arbor, MI).
Sequence analysis. The ORFs from 27 genomic WEEV sequences we determined were aligned with all genomic sequences from the GenBank library using Seaview v4.1 (24) . MacVector v.11.0.2 (MacVector Inc., Cary, NC) was used to determine percent nucleotide and amino acid identity for the complete concatenated ORFs and for each gene. Comparisons of all strains were made against Imperial181.
Phylogenetic methods. A coalescent phylogenetic analysis of the WEEV sequences was performed using BEAST v.1.7.5 (25) . The analysis was run once for 50 million steps, sampling every 10,000 steps and discarding the first 10% as burn-in; 1st, 2nd, and 3rd codon positions were analyzed independently. A Bayesian skyline analysis was conducted under the strict clock, uncorrelated log-normal clock (UCLN), and uncorrelated exponential clock (UCEX) models, and convergence was assessed by examining the stationary ln-likelihood and effective sample size (ESS, Ͼ200) parameters in Tracer v1.4 (http://tree.bio.ed.ac.uk/software/tracer/). To determine the best-fit substitution and clock models, path-sampling and stepping-stone analyses were used (26, 27) . A maximum clade credibility (MCC) tree, node heights (hypothesized dates of divergence events), evolutionary rates, and a Bayesian skyline plot were then generated. The BEAST output tree file was analyzed using Tree Annotator (included in the BEAST v.1.7.5 software package), discarding the first 10% as burn-in, and visualized in FigTree v.1.3.1. To verify its accuracy, a Bayesian phylogeny was inferred in MrBayes (http://mrbayes.sourceforge.net/) using the general time-reversible (GTRϩIϩ⌫ 4 ) model, which was determined to be optimal using Modeltest (28). The analysis was performed for 1 million steps, with sampling every 1,000 steps and discarding the first 10% as burn-in. Nonsynonymous synapomorphic mutations of interest. To identify mutations that define major WEEV lineages, each amino acid was manually traced on the inferred MCC tree using MacClade v4.08 (http: //macclade.org/macclade.html). To assess potential selective pressures accompanying WEEV evolution, we estimated the number and locations of nonsynonymous and synonymous nucleotide substitutions per site and determined if the sites were positively or negatively selected using the Data Monkey server (29) . The d N /d S ratio reflects the predominance of synonymous mutations, which generally reflect neutral change, versus nonsynonymous mutations that more often reflect phenotypic alterations. Codon-based selection analyses use d N /d S to estimate the overall impact of selection on specific codons, which, when paired with nucleotide substitution models and viewed in a phylogenetic framework, can identify selected mutations across lineages (30) . The overall d N /d S ratio and selection pressure were determined by single likelihood ancestor counting (SLAC) and fast unbiased Bayesian approximation (FUBAR) methods (31, 32) . Positive and negative selection events at each codon also were inferred using internal fixed-effect likelihood (IFEL), FEL, and FUBAR methods, and appropriate statistical tests were run on these tests as part of the Data Monkey server package (31) (32) (33) .
Molecular modeling of WEEV E1 and E2 envelope proteins. Sequences of the E1 and E2 proteins from the BFS932 and Imperial181 WEEV strains were submitted to fold recognition servers (34) for homologous sequence alignment using crystal structures of SINV (PDB entry 3MUU) and chikungunya virus (CHIKV) (PDB entry 3N40) proteins as templates. Because domain 2 is missing from the SINV E2 structure, we used the SINV E1 protein to generate three-dimensional (3D) model structures of the BFS932 and Imperial181 proteins, while the CHIKV E2 protein was used to generate 3D model structures for E2. MPACK (35, 36) was used to build homology model structures, which were energy minimized using the Fantom program (37) . Finally, trimeric model structures of BFS932 and Imperial181 were obtained by fitting their E1 and E2 proteins into a trimeric structure of SINV (http://www.pymol.org/).
RESULTS
Percent nucleotide and amino acid identities indicated that WEEV has maintained a highly conserved genome since 1930 ( Table 2 ). The percent identities for the genome and individual genes all were greater than 95%. Some genes, including E2, con- tained higher nucleotide than amino acid identities, and E2 had the greatest variation in both amino acids and nucleotides. Conversely, nsP1 was the most highly conserved gene.
Stepping-stone and path-sampling analyses indicated GTRϩIϩ⌫ 4 as the best-fit nucleotide substitution model along with an uncorrelated exponential clock model. The inferred Bayesian MCC phylogeny showed the presence of four main WEEV lineages (Fig. 1) . The California and McMillan isolates were not monophyletic, as in previous analyses (6), due to the absence of a more divergent WEEV strain as an outgroup. However, group A was confirmed as monophyletic, using an Markov chain Monte Carlo (MCMC) analysis with the South American isolate AG80-646 as an outgroup (data not shown).
Estimated dates of lineage divergence were obtained for groups B1 to B3. Group A sequences were difficult to resolve, and the divergence of group A from group B1 could not be reliably esti- (Fig. 2) (10) . This increase was followed by a plateau and then by a decline beginning around 1990, corresponding to the establishment of group B3 that contains all recently circulating strains.
Upon manual analysis of the MCC tree and alignment file using MacClade v4.08, six nonsynonymous synapomorphic mutations of interest were found that delineated the clades we resolved on the MCC tree ( Fig. 1 and Table 3 ). Selection analysis showed that the WEEV genome has evolved mainly under purifying selection (d N /d S ratio of 0.145). The IFEL analysis detected only one positively selected site versus 39 negatively selected sites at P Յ 0.1. The positively selected site, encoding a Val-to-Ile substitution, involved part of group B3 (strain 93A30 and more recent strains) as well as strains S8122, BFN3060, California, and McMillan (Fig. 1) . When we looked at the mutations we manually traced, IFEL analysis suggested positive selection; however, P values were Ͼ0.1 (Table 3) . Positive selection on these sites also was suggested by both FEL and FUBAR analyses (although P values still were Ͼ0.1). 3D models for both the BFS932 and Imperial181 E1 proteins indicated three domains: 1 and 2 had an interlinking beta sheet structure with a long hydrophobic fusion loop at one end of domain 2, while domain 3 shared high structural similarity with the immunoglobulin domain.
A complete list of amino acid positions that differed between BFS932 and Imperial181 was obtained for the E1 and E2 proteins. The BFS932 E1 protein had 11 differences compared to all other WEEV strains (Fig. 3A to C, yellow) , while there were only 4 differences compared to Imperial181 (Fig. 3D to F, yellow) . There were 25 differences in the BFS932 E2 protein compared to all WEEV strains (Fig. 3A to C, red) and 13 differences compared to Imperial181 (Fig. 3D to F, red) . To visualize these amino acids, we used a trimeric structure of the BFS932 E1-E2 heterodimer (Fig.  3) . Most of the E2 substitutions were located at the E2-E2 interface. Nonsynonymous, synapomorphic mutations of interest were mapped on the 3D structure and are indicated in magenta (Thr¡Ser at position 374 in E1) and green (Ala¡Thr at position 23 in E2) (Fig. 3) .
DISCUSSION
We report here the first detailed phylogenetic and evolutionary analysis of WEEV using complete genomic sequences. We confirmed the prior presence of two major North American lineages as previously described (6) and further delineated several subgroups (B1 to 3) within lineage B. We also identified purifying selection as the major influence on WEEV evolution in North America, as described previously for several other arboviruses (38, 39) , and identified several mutations that define the divergence of groups A and B1 to B3. No phylogenetically significant differences in glycosylation sites, cysteine residues, and UTR folding patterns were recognized.
In North America, WEEV was first isolated in 1930 from a fatal case of equine encephalitis (40) . This California strain fell into the (17, 19, 20) . In the late 1940s, group B2 displaced group B1, which probably went extinct. Subsequently, in the late 1960s, group B3 lineage emerged from group B2, eventually displacing it. The consistency of the tightly grouped HPDs throughout the MCC tree supports the reliability of these temporal estimates (Fig. 1) .
When all 3 group B sublineages were circulating, our Bayesian skyline analysis indicated a concurrent increase in WEEV estimated population size between 1965 and the late 1980s. However, after the late 1980s, a reduction in estimated population size occurred when the group B3 viruses became predominant in North America. These interpretations require caution, because the 95% HPD values for 1930 to 1950 were relatively broad. There is more confidence in the estimates between the years 1950 and 1995, when the HPD range was tighter (Fig. 2) . However, when the estimated tMRCAs and Skyline analysis (Fig. 2) are considered in concert, the evidence for these population size interpretations is compelling. Interestingly, the pattern seen on our skyline analysis is similar to that of the annual influenza A virus cycle, although not as pronounced and over a much longer period of time (41) . This could be an effect of purifying selection on WEEV, trimming the tree to the group B3 lineage.
The selection analyses indicated that many nucleotide sites within the WEEV genome are under purifying selection. When population sizes are reduced, stochastic drift could result in the accumulation of deleterious mutations, fitness declines, and lineage extinction events that could explain not only the lineage replacements we observed but also the decline in WEEV genetic diversity. However, manual inspection of our WEEV alignment revealed several mutations that may represent positively selected codons. These mutations were, for the most part, just under the threshold of significance as determined by IFEL analysis (P Ͼ 0.1) ( Table 2 ). Both FEL and FUBAR flagged these same mutations at P values that narrowly missed the threshold of significance, suggesting that they have important phenotypes. Furthermore, current codon-based analyses sometimes lack the sensitivity to detect positive selection. For example, analyses preformed on CHIKV sequences failed to identify all mosquito vector-adaptive mutations shown by experimental studies (38, (42) (43) (44) .
Our homology models suggested that the E2-E2 and E1-E2 interfaces, locations far removed from receptor binding or potential antibody binding sites, are important sites of WEEV evolution. Mutations at these interfaces (Fig. 3) , including the substitution at E2 position 23 (Table 3) , may stabilize the E2-E2 trimer spikes and further prevent the release of genomic RNA during fusion.
The recent epidemiology of WEE, with no reported human cases in North America since 1998, the dearth of WEEV detected in mosquito surveillance since 2008 (2, 15) , and the pattern of lineage displacement observed in our phylogeny (Fig. 1) , with one lineage becoming predominant along with a decline in genetic diversity in lineage B3, raises a key question: what factor(s) caused the apparent reduction in WEEV circulation and resulting spillover disease? We hypothesize that a significant disturbance in WEEV circulation occurred roughly between 1945 and 1965. This event affected WEEV evolution in one of two ways: (i) changes in selective pressures altered the trajectory of WEEV evolution dur- ing the late 20th century, or (ii) a reduction in WEEV populations and/or diversity caused genetic drift and a decline in WEEV fitness, possibly coupled with reduced mammalian virulence. The key synapomorphic mutations we delineated, including those that may be subject to positive selection, deserve reverse genetic analyses to test these hypotheses by assessing their phenotypic properties.
In summary, using comprehensive phylogenetic analyses, we confirmed the major group A and B lineages described previously (6) and determined the further divergence of group B into 3 sublineages, two of which probably went extinct. We delineated several mutations that define groups A and B1 to B3 and which may have been positively selected. However, overall, WEEV's evolution has been dominated by purifying selection. WEEV has undergone a reduction in genetic diversity coincident with the circulation of only the group B3 lineage since the 1970s, suggesting that drift reduced its fitness, levels of circulation, and possibly its virulence for mammals. These data, as well as the apparent submergence of WEEV as an equine and human pathogen, provide a unique opportunity to study a phenomenon that, compared to studies of arboviral emergence, may be equally instructive regarding their maintenance and evolution and the prediction of future trends.
